Abstract. Neurofilaments (NFs) including neurofilament-200 kDa (NF-H), neurofilament-165 kDa (NF-M) and neurofilament-68 kDa (NF-L) are major protein constituents of the brain, and serve important roles in the regulation of axonal transport. NF alteration is a key feature in the pathogenesis of neurological disorders involving cognitive dysfunction. In the present study, cognitive impairments were investigated, via assessments using the Morris water maze and passive avoidance tests, in mice following chronic systemic treatment with 1 mg/kg scopolamine (SCO) for 4 weeks. SCO-induced cognitive impairments were significantly observed 1 week following the SCO treatment, and these cognitive deficits were maintained for 4 weeks. However, the NF immunoreactivities and levels were altered differently according to the hippocampal subregion following SCO treatment. NF-H immunoreactivity and levels were markedly altered in all hippocampal subregions, and were significantly increased 1 week following the SCO treatment; thereafter, the immunoreactivity and levels significantly decreased with time. NF-M immunoreactivity and levels gradually decreased in the hippocampus and were significantly decreased 4 weeks following SCO treatment. NF-L immunoreactivity and levels gradually decreased in the hippocampus, and were significantly decreased 2 and 4 weeks following SCO treatment. In conclusion, the results of the present study demonstrated that chronic systemic treatment with SCO induced cognitive impairment from 1 week following SCO treatment, and NF expression was diversely altered according to the hippocampal subregion from 1 week following SCO treatment. These results suggest that SCO-induced changes in NF expression may be associated with cognitive impairment.
Introduction
Scopolamine (SCO), a non-selective muscarinic acetylcholine receptor antagonist, is known to interfere with cholinergic transmission in the brain (1, 2) . Recently, we have reported that the SCO-induced dysregulation of cholinergic activity in the hippocampus leads to interference in processes of learning and memory in mice (3) (4) (5) . Thus, SCO has been used as a pharmacological tool for the development of experimental animal models of cognitive deficits; many researchers have identified the models as a candidate for the treatment of Alzheimer's disease (6) (7) (8) .
The hippocampus or hippocampal formation, which consists of the hippocampus proper (CA1-3 areas) and dentate gyrus, displays critical roles in cognitive processes such as learning, memory consolidation, and information retrieval (9) (10) (11) (12) . Memory loss followed by cognitive decline is found to be a common feature of various neurological disorders like Alzheimer's disease (13) . The cholinergic system has long been known to be critically involved in hippocampal-dependent cognitive function (14, 15 1 and SOO YOUNG CHOI cholinergic system can affect learning and memory; namely, the loss of cholinergic function in the hippocampus is correlated with significant cognitive impairments (16, 17) . The cytoskeleton extends throughout the cytoplasm of cell and provides a number of important functions, such as the maintenance of cellular shape, holding cellular organelles in place, and assisting in the transportation of communication signals between cells (18) . Abnormalities of the neuronal cytoskeleton frequently represent a key feature of Alzheimer's disease, in which the disruption of the normal cytoskeletal framework of neurons typically triggers dystrophic neurites (19) .
Neurofilaments (NFs) do not only support the morphology of neurons as cytoskeletal components but also play a fundamental role in axonal transport (18) . NFs are composed of three major subunits, neurofilament-200 kDa (NF-H), neurofilament-165 kDa (NF-M) and neurofilament-68 kDa (NF-L); according to observed molecular weight (20) . NF-H and NF-M are involved in the stabilization of newly-sprouted axonal processes (21, 22) , and NF-L is expressed in axonal growth cones (23) . In particular, NF-H plays an important role in the stabilization and maturation of pre-existing connections (24) . Previous studies have suggested that NFs are closely related to neurodegenerative diseases (25) (26) (27) (28) . The pathological disruption of axonal NFs results in the breakdown and fasciculation of the filaments, and its most notable characteristic is whorls of NFs and ring-like structures in swollen axons (28, 29) .
However, few studies regarding changes in NFs expressions in animal models of SCO-induced amnesia have been reported. Therefore, in this study, we examined chronological changes in NFs immunoreactivities and levels of NFs proteins in the mouse hippocampus, as well as in memory impairments following chronic systemic treatment with SCO.
Materials and methods
Experimental animals and SCO treatment. Male ICR mice (B.W., 25-30 g; 8 weeks of age) were purchased from the Orient Bio Inc. (Seongnam, South Korea). The procedures for animal handling and care, and experimental protocols were reviewed and approved based on ethical procedures and scientific care by the Kangwon National University-Institutional Animal Care and Use Committee (KW-130424-2).
Mice were intraperitoneally injected with 1 mg/kg of SCO (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), once daily, for 1, 2, 3 and 4 weeks (n=14 at each point in time). Dose of SCO was selected based on previous studies (30, 31) . The control mice (n=14 at each point in time) were injected with the same volume of saline (pH 7.4). The mice were sacrificed 1, 2, 3 and 4 weeks after SCO or saline treatment.
Passive avoidance test. Short-term memory ability was evaluated by assessing the latency of passive avoidance test. Animals (n=7) in each group were tested 1 day before sacrifice following training for 1 day. In short, according to our published procedure (32) , the test was performed with an apparatus that consisted of two compartments (light and dark) with a grid floor (GEM 392; San Diego Instruments., San Diego, CA, USA). In training session, mice were allowed to explore environments in both light and dark compartments for 1 min and given an inescapable foot-shock (0.3 mA for 3 sec) after entering the dark compartment. Test session was performed 15 min after the training session using the same paradigm, but without applying the foot-shock. The interval between the starting of the test session and mouse's entry into the dark compartment was defined as the latency time of passive avoidance test. When mouse did not enter the dark room within 180 sec, the latency was recorded as 180 sec.
Water maze performance. The animals used in the passive avoidance test were used for spatial learning and memory test using the Morris water maze task according to our published protocol (4) . In short, a circular pool (90 cm in diameter and 45 cm height) filled with water was conceptually divided into four quadrants, and a platform (6 cm in diameter and 29 cm in height) was placed in one quadrant 1 cm below the water surface. Test was conducted on the last day of every week after saline or SCO treatment, and training was conducted before the test for 3 consecutive days (saline and SCO were administered continuously during training and test periods). Mice (n=7 in each group) were allowed to swim for 120 sec to search for the hidden platform. If they failed to locate the platform within 120 sec, escape would be assisted and escape latency was recorded as 120 sec. At the end of each trial, each mouse would stay on the platform for 3 sec. Escape latency (the time taken to find the platform) was recorded with Noldus Ethovision video tracking system (EthoVision XT; Noldus Information Technology, Wageningen, The Netherlands).
Western blot analysis. NFs levels in the hippocampal formation (n=7 at each point in time) were analyzed according to our published procedure (32) . In brief, hippocampal tissues were homogenized and the protein level was determined using a Micro bicinchoninic acid (BCA) protein assay kit (Pierce Biotechnology, Inc., Rockford, IL, USA). The membranes were incubated with rabbit anti-NF-H, NF-M and NF-L (1:1,000; Chemicon International, Inc., Billerica, MA, USA), and exposed to peroxidase conjugated goat anti-rabbit IgG (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and an enhanced luminol-based chemiluminescent (ECL) kit (Pierce Biotechnology, Inc.).
The result of the western blot analysis was scanned, and densitometric analysis for the quantification of the bands was done using Scion Image software (Scion Corp., Frederick, MD, USA), which was used to count ROD. A ratio of the ROD was calibrated as %, with control group designated as 100%.
Immunohistochemistry. According to our published procedure (33), in brief, mice (n=7 at each point in time) were anesthetized with pentobarbital sodium (40 mg/kg, JW Pharmaceutical Co., Ltd., Seoul, Korea) and perfused with 4% paraformaldehyde. Brain tissues were serially sectioned in a cryostat (Leica, Wetzlar, Germany) into 30-µm coronal sections. The sections were incubated with diluted rabbit anti-NF-H (1:1,000; Chemicon International, Inc., Temecula, CA, USA), NF-M (1:1,000; Chemicon International, Inc.) or NF-L (1:1,000; Chemicon International, Inc.), and exposed to biotinylated goat anti-rabbit IgG and streptavidin peroxidase complex (Vector Laboratories, Inc., Burlingame, CA, USA). Finally, they were visualized with 3,3'-diaminobenzidine tetrachloride (Sigma-Aldrich; Merck KGaA).
Statistical analysis. All data are presented as mean ± SEM. The normality test was performed using Kolmogorov and Smirnov test for testing normal distributions, and Bartlett test for testing identical standard distributions. All data passed normality test. A multiple-sample comparison was applied to test the differences between groups (ANOVA and the Tukey multiple range test as post hoc test using the criterion of the least significant differences). Statistical analysis was performed using GraphPad Instat (Instat Statistics; GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Avoidance memory defect. To investigate the SCO-induced short-term memory impairment, exploratory preference was measured by passive avoidance test which was reflected by decrease of the latency to enter the dark compartment (Fig. 1) . There was no significant difference in the latency time until 4 weeks in the vehicle-treated mice (control mice). However, the latency time of the SCO-treated mice was significantly reduced 1 week after SCO treatment compared to that in the vehicle-treated mice, and the latency time was maintained until 4 weeks after SCO treatment.
Spatial memory defect. Hippocampal dependent spatial learning and memory defect induced by SCO was evaluated using the Morris water maze test. As shown in Table I , the vehicle-treated mice readily learned and memorized the location of the submerged hidden platform. However, in the SCO-treated mice, the escape latency 1 week after SCO treatment was significantly longer than that in the vehicle-treated mice, and the increased escape latency was maintained until 4 weeks after SCO treatment.
Changes in levels of NFs proteins. In the western blot study, we found that change patterns in levels of NF-H, NF-M and NF-L proteins in the hippocampus after SCO treatment were generally different according kinds of the proteins (Fig. 2) . One week after SCO treatment, only NF-H level was significantly increased compared with that of the control group. Two weeks after SCO treatment, only NF-L level was significantly decreased compared with that of the control group. Four weeks after SCO treatment, all the NFs levels were significantly decreased compared with those of the control group.
In our preliminary study, we found that there were no significant differences in protein levels of NFs in the hippocampus between 3 and 4 weeks SCO-treated groups. For reference, we recently reported that significant difference in the protein level of myelin basic protein, which is most abundant structural protein in the myelin, was not found in the hippocampus between 3 and 4 weeks SCO-treated groups (4).
Change in NF-H immunoreactivity. CA1 region: In the control group, NF-H immunoreactivity was shown in the stratum pyramidale, and in cells of stratum oriens and radiatum, which had NF-H immunoreactive processes (Fig. 3Aa and Ab). In the SCO-treated mice, NF-H-immunoreactive cells were increased in the stratum oriens and radiatum 1 week after SCO treatment, although the immunoreactivity in the stratum pyramidale was not significantly changed compared with that in the control mice (Fig. 3Bb) . Two and 4 weeks after SCO treatment, NF-H immunoreactive cells in the stratum oriens and radiatum were not detected, although the immunoreactivity in the stratum pyramidale was not significantly changed compared with that in the control (Fig. 3Cb and Db).
CA2/3 region: In the control group, the distribution pattern of NF-H immunoreactivity in the CA2/3 region was similar to that in the CA1 region of the control (Fig. 3Aa and Ac). In the SCO-treated mice, NF-H immunoreactive cells and NF-H immunoreactivity were significantly increased 1 week after SCO treatment to the control (Fig. 3Bc) . Two and 4 weeks after SCO treatment, NF-H-immunoreactive cells were rarely detected in the stratum oriens and radiatum, and, 4 weeks after SCO treatment, NF-H immunoreactivity in the stratum pyramidale was more significantly decreased compared with that in the 2 weeks SCO-treated group (Fig. 3Cc and Dc).
Dentate gyrus: In the control group, NF-H immunoreactivity was mainly found in the granular cell layer and many cells of the polymorphic layer ( Fig. 3Aa and Ad). In the SCO-treated mice, NF-H immunoreactivity in the granular cell layer and many cells of the polymorphic layer was gradually decreased with time after SCO treatment ( Fig. 3Bd-Dd) .
In the preliminary study, we did not find any difference in NF-H immunoreactivity in the hippocampus between 3 and 4 weeks SCO-treated groups.
Change in NF-M immunoreactivity. CA1 region: Strong NF-M immunoreactivity was observed in fibers in the stratum oriens in the control mice, and NF-M-immunoreactive fibers were scattered in the other layers ( Fig. 4Aa and Ab). In the SCO-treated mice, NF-M immunoreactivity in the CA1 region was gradually reduced after SCO treatment and significantly decreased 4 weeks after SCO treatment (Fig. 4Bb-Db) .
CA2/3 regions: In the control mice, NF-M immunoreactivity was strongly detected in all the layers (Fig. 4Aa and Ac). In the SCO-treated mice, the distribution pattern of NF-M immunoreactivity was not significantly changed in all the layers until 4 weeks after SCO treatment (Fig. 4Bc-Dc) .
Dentate gyrus: In the control mice, NF-M immunoreactivity was mainly detected in the polymorphic layer ( Fig. 4Aa and Ad) . In the SCO-treated mice, NF-M immunoreactivity was slightly decreased 1 and 2 weeks after SCO treatment and significantly reduced 4 weeks after SCO treatment compared with that in the control (Fig. 4Bd-Dd) .
In the preliminary study, there was no significant difference in NF-M immunoreactivity in the hippocampus between 3 and 4 weeks SCO-treated groups.
Change in NF-L immunoreactivity. CA1 region: NF-L immunoreactivity in the control group was weakly detected in all the layers (Fig. 5Aa and Ab). In the SCO-treated group, NF-L immunoreactivity was not significantly changed at any time after SCO treatment ( Fig. 5Bb-Db) .
CA2/3 region: In the control mice, NF-L immunoreactivity in the CA2/3 region was stronger than that in the CA1 region ( Fig. 5Aa and Ac). In the SCO-treated mice, NF-L immunoreactivity was significantly increased in the stratum pyramidale 1 week after SCO treatment compared with that in the control (Fig. 5Bc) , thereafter, NF-L immunoreactivity was gradually decreased in all the layers and very low 4 weeks after SCO treatment ( Fig. 5Cc and Dc).
Dentate gyrus: In the control mice, strong NF-L immunoreactivity was found in the polymorphic layer ( Fig. 5Aa and Ad). In the SCO-treated mice, NF-L immunoreactivity was not changed 1 week after SCO treatment compared to that in the control (Fig. 5Bd) . However, NF-L immunoreactivity significantly reduced 2 weeks after SCO treatment and more significantly decreased 4 weeks after SCO treatment ( Fig. 5Cd and Dd).
In our preliminary study, no significant difference in NF-L immunoreactivity was observed in the hippocampus between 3 and 4 weeks SCO-treated groups.
Discussion
Memory loss followed by cognitive decline is found to be a common feature of various neurological disorders, which may be due to an impairment in the neuronal circuit activity in the hippocampus (13) . Rodent models of cognitive deficits have been established using SCO-induced amnesia (34) . In particular, SCO-induced cognitive impairment in animals is similar to that observed in the dysfunction of AD (6, 7, 35) . Therefore, the SCO-induced memory impairment model has served as a useful tool with which to investigate learning and memory processes.
SCO-induced cognitive deficits have been demonstrated using various behavioral tasks (3, 36) . In the present study, the SCO-induced cognitive impairment was assessed by the passive avoidance and Morris water maze tests. The passive Table I 
Training escape latency (sec)
Test escape latency (sec) avoidance test is a measurement of cognitive memory based on avoidance of a fear-inducing context. Rodents naturally prefer dark compartments; however, receiving an electric shock in a dark compartment causes a conflict with this tendency (37) . Furthermore, the Morris water maze test is designed to evaluate spatial learning ability and long-term spatial memory (38, 39) . We found that chronic systemic SCO treatment reduced the step-through latency in the passive avoidance test, and caused the mice to take a longer time to find the platform than the control group in the Morris water-maze task. Therefore, these findings indicate that chronic systemic treatment with SCO can induce short-term memory deficits, as well as spatial learning and memory impairment.
NFs are key intermediate filaments in neurons and major components of the axonal cytoskeleton (27, 40) . Alterations of NFs have been observed in neurodegenerative diseases (25) (26) (27) 41) , and disruption of their expression shows important consequences in neuronal function (26, 42) . In addition, early alterations of NFs represent the development of diffuse axonal injury, and precedes microtubule fracture and depolymerization (43) .
A long time ago, Leifer and Kowall reported that selective cellular vulnerability in human cerebral ischemia was related to the reduction of hippocampal pyramidal cells via staining the pyramidal cells with SMI-32, a marker for nonphosphorylated NFs (44). Posmantur et al (45) reported that progressive alterations of NF-L immunoreactivity occurred in dendrites at 15 min after a traumatic brain injury and that a definite loss of dendritic NFs was found 3 to 24 h after the injury.
Moreover, it has been reported that NFs are disrupted in the hippocampus under depressive states, and the disruption is associated with a dysfunction of hippocampal plasticity in depressive states (46, 47) . These papers show that alterations in NFs may serve as a trigger for further secondary damage to axons, representing a key insight into a temporal aspect of cytoskeletal degeneration (43) .
In the present study, we examined chronological changes in NFs in the mouse hippocampus after chronic systemic treatment with SCO, using the western blot analysis and immunohistochemistry for NFs; we found that NF-H immunoreactivity and levels were significantly increased 1 week after SCO treatment. Thereafter, they significantly decreased with time; the NF-M immunoreactivity and levels gradually decreased and were significantly decreased 4 weeks after the SCO treatment; and NF-L immunoreactivity and levels were significantly decreased from 2 weeks after the SCO treatment. Furthermore, alteration in each immunoreactivity was distinctively different according to the hippocampal subregions and their layers as well as according to the time after SCO treatment. Based on our and the above-mentioned findings, it is obvious that dysfunction in axonal transport might underlie alterations of NFs.
In brief, our present results show that long-term treatment with SCO induced cognitive deficits from 1 week after SCO treatment, although NFs levels and immunoreactivities were significantly and diversely altered in the mouse hippocampus according to the hippocampal subregions and the time-course after the SCO treatment. Therefore, more research needs to be conducted about what occurs in cognitive deficits according to an alteration in each NF expression in the hippocampus following chronic systemic treatment with SCO.
